The immunosuppressant macrolide everolimus was found to be metabolized in animals and humans to a phosphocholine ester (ATG181), a hitherto unknown type of conjugate in xenobiotic metabolism. The structure of ATG181 was elucidated by mass spectrometry and confirmed by synthesis. ATG181 was among the most prominent metabolites of everolimus in rat, monkey, and human blood and was found also in various tissues of the rat, whereas no ATG181 was identified in the urine and feces of the species investigated. The metabolite showed binding to FK506 binding protein with a 2-to 3-fold higher affinity than everolimus. However, ATG181 exhibited only marginal in vitro immunosuppressive activity and is therefore very unlikely to contribute in a relevant manner to the immunosuppressive effect of everolimus.
samples were frozen immediately and stored at approximately Ϫ80°C until further use. Additional animal experiments were performed with [
3 H]everolimus, as mentioned in the text.
Isolation of Metabolite ATG181. For structure elucidation, the 14 C-labeled metabolite ATG181 was isolated from rat kidney homogenate (pool across three animals). The homogenate was buffered with phosphate, pH 6.5, and extracted with methanol. The extract was subjected to high-performance liquid chromatography on a reversed-phase column with gradient elution. Fractions of the column effluent containing [
14 C]ATG181 were combined, providing approximately 900 pmol of [ 14 C]ATG181 for analysis by liquid chromatography/mass spectrometry (LC/MS) and liquid chromatography/tandem mass spectrometry (LC/MS/MS). A smaller amount of [ 14 C]ATG181 was isolated in a similar manner from rat blood (pool across three animals). Moreover, [ 14 C]ATG181 was isolated from the blood (2 h) of a male stable renal transplant patient treated with a single p.o. dose of 3 mg of [
14 C]everolimus. This aspect of the study was performed in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki (1964 and subsequent revisions) . [
14 C]ATG181 from rat and human blood was analyzed by LC/MS to show its identity with the metabolite in rat kidney.
Mass Spectrometry. The LC/MS and LC/MS/MS analyses were performed on a Micromass (Wythenshawe, UK) Q-Tof 2 instrument, equipped with an electrospray interface. For the chromatography, a 150 ϫ 1.0-mm Symmetry C18 column (3.5-m particles; Waters, Milford, MA) was used. The column was thermostated at 60°C. The components were eluted with a gradient of 10 mM ammonium acetate in water, pH 6.5, versus methanol at a total flow rate of 60 l/min. For hydrogen-deuterium exchange experiments, the water in the mobile phase was replaced by D 2 O (Cambridge Isotope Laboratories, Andover, MA; 99.9 atom-% D), and the methanol was replaced by CH 3 OD (Cambridge Isotope Laboratories; 99 atom-% D). After the column, the effluent was split in a ratio of approximately 1:5. The smaller part was directed into the electrospray interface. The rest was passed through a diode-array detector and then either collected in fractions for off-line radioactivity monitoring, or discarded. The electrospray interface was operated with nitrogen as nebulizer gas (7 bar), as desolvation gas (350 l/h), and as cone gas (40 l/h). The desolvation temperature was 150°C; the source block temperature was 80°C; and the spray capillary was set to 3.0 kV. Both mass spectra with single-stage mass separation and tandem mass spectra were recorded in the positive ion mode. Collisional activation was performed with argon (6 -7 ⅐ 10 Ϫ5 mbar, measured in the housing outside the collision cell) at a collision offset of 50 V (everolimus) or 60 V (ATG181). The quadrupole mass analyzer was set to unit mass resolution, and the time-of-flight mass analyzer was operated at a resolution of approximately 8000. The [MϩH] ϩ ion of reserpine at m/z 609.2812 was used as lock mass for recalibrating the spectra to obtain exact mass data.
Synthesis of ATG181. ATG181 was prepared by a three-step, one-pot synthesis adapted from a literature precedent (Ishihara and Sano, 1996) . Briefly, everolimus was converted to its dichlorophosphate using phosphorus oxychloride and triethylamine as base catalyst, further converted to the chlorophosphocholine tosylate with choline tosylate in pyridine, and finally hydrolyzed with water to the phosphocholine ester ATG181. The product was purified by solid-phase extraction, crystallization, and semipreparative highperformance liquid chromatography and characterized by mass spectrometry and NMR spectroscopy.
Assay for Binding to FK506 Binding Protein. The measurements were performed using a microtiter plate-based competitive binding assay as described previously (Schuler et al., 1997) . Briefly, binding of biotinylated recombinant human FK506 binding protein (FKBP-12) to immobilized FK506 was measured in the absence (as a control) or presence of serial dilutions of the test compound, and the concentration resulting in 50% inhibition of FKBP-12 binding to the immobilized FK506 (IC 50 value) was calculated.
Mixed Lymphocyte Reaction. The mixed lymphocyte reaction (MLR) experiments (two-way MLR) were set up as described (Schuler et al., 1997) 
Results and Discussion
Structure Elucidation of Metabolite ATG181 by Mass Spectrometry. For the elucidation of its structure, ATG181 was isolated from the kidney of rats treated with a single p.o. dose of 15 mg/kg [ 14 C]everolimus (structure and labeling positions shown in Fig. 1A ). The isolated metabolite was investigated by mass spectrometry. Kidney was chosen as the source of the metabolite because a previous study in the rat had shown highest concentrations of ATG181 in this organ among a number of tissues, including blood (unpublished results). From the mass spectral data, the structure of ATG181 shown in Fig. 1B was derived in the following way.
An ion of the intact molecule of ATG181 was observed at m/z 1123 (nominal mass) showing the same isotope pattern (as a result of the 14 C-labeling) as the [MϩNa] ϩ ion of the parent compound everolimus (insets in Fig. 2 ). Even though electrospray ionization of everolimus in the positive ion mode produced almost exclusively the [MϩNa] ϩ ion (m/z 980), the m/z 1123 ion of ATG181 proved to be the protonated molecule ([MϩH] ϩ , M referring to the neutral zwitterion). This was shown by adding potassium (50 mM) to the mobile phase, which resulted in the formation of an ion at m/z 1161 (m/z 1123-HϩK; data not shown), whereas no ions at m/z 1139 (m/z 1123-NaϩK) or m/z 1144 (m/z 1123-NH 4 ϩK) appeared. Hence, the ion at m/z 1123 was neither of the [MϩNa] ϩ nor of the [MϩNH 4 ] ϩ type. The odd-numbered difference in nominal mass between the neutral molecules of everolimus and ATG181 (165 mass units) indicated that ATG181 was a conjugate of everolimus with an entity containing an odd number of nitrogens. Conjugation with an amino acid could be excluded based on mass spectrometric H/D exchange experiments, showing only three exchangeable hydrogens in protonated ATG181, as found for sodiated everolimus (data not shown). These findings and the observation of mass differences of 59 (trimethylamine) in the product ion spectrum of Fragment a of ATG181 (Fig. 2C) , compatible with the presence of a trimethylammonium group, suggested that ATG181 was a conjugate with phosphocholine. Exact mass measurements were in agreement with this proposal (cf. legend of Fig. 2 ). The fragment ions of protonated ATG181 at m/z 532 and 829 (Fig. 2B ) appeared to correspond to the Fragments a and C of everolimus at m/z 389 and 686 (Boernsen et al., 2007) , differing from their precursor ions by 591 and 294 mass units, respectively. These two fragment ions and a few ions in the low mass region, all containing the trimethylammonium function, were the only ones observed in the product ion spectrum of protonated ATG181, in contrast to the product ion spectrum of sodiated everolimus, which showed fragment ions containing all parts of the molecule ( Fig. 2A) . This difference between the two compounds is likely because of a strong charge-localizing effect by the quaternary ammonium function in ATG181. Based on the Fragments a and C and the low-mass fragments of protonated ATG181, especially the one at m/z 228, the phosphocholine group could be localized at the terminal hydroxy group of the side chain of everolimus. In addition, Fragment C of ATG181 indicated that the lactone macrocycle was still intact. The UV spectra of ATG181 and everolimus, which were monitored in parallel with the mass spectra, were essentially identical, showing partially resolved maxima at 268, 277, and 288 nm. This confirmed that the chromophore (the triene group) of everolimus was not affected by the biotransformation to ATG181. Hence, ATG181 was identified as a phosphocholine ester of everolimus with the 2-hydroxyethoxy side chain as the site of modification. Confirmation of the Structure of ATG181. Subsequent to its mass spectral characterization, ATG181 was chemically synthesized and fully characterized by 1 H-NMR spectroscopy (Supplemental Data), two-dimensional NMR spectroscopy, and mass spectrometry (not shown). These data confirmed the proposed structure of ATG181. Synthetic ATG181 was identical with the metabolite ATG181 in rat kidney regarding its chromatographic retention time (tested by coinjection), its electrospray mass spectrum, and the product ion spectrum of its [MϩH] ϩ ion. Occurrence and Abundance of Metabolite ATG181. [
14 C]-ATG181 isolated from rat and human blood after treatment with a single p.o. dose of [ 14 C]everolimus (15 mg/kg and 3 mg, respectively) showed the same retention time and electrospray mass spectrum as ATG181 isolated from rat kidney. This showed the identity of the metabolite in the three matrices.
In addition to rat blood and kidney and human blood, ATG181 was identified (based on retention time) also in the blood of mice and cynomolgus monkeys after a single p.o. dose of [ area under the curve (AUC) 0 -24 h of total radiolabeled material. Other important metabolites were the seco acids, formed by opening of the macrocycle at the lactone function either by hydrolysis or ␤-elimination (4 and 7% of AUC, respectively), and several hydroxylated metabolites (most abundant one, 13% of AUC). Parent drug accounted for 40% of the AUC. In rat and monkey blood, ATG181 was also among the most abundant metabolites (6 -7% of the AUC 0 -24 h of total radiolabeled material). Only in mouse blood, ATG181 was less prominent (3% of AUC 0 -24 h of total radiolabeled material). In rats, at 24 h after the 21st daily dose of [ analyzed, accounting for 2.5% of radioactivity in the liver, 18% in the kidney, 6% in the stomach, 5% in the duodenum, 8% in the heart, and 7% in the lung. However, no ATG181 was identified in the urine or feces of the species investigated. Metabolic Pathway to ATG181. To our knowledge, phosphocholine conjugates of xenobiotics have not been described so far, except for very close analogs of endogenous compounds like fluorescencelabeled endogenous lipids (e.g., Kok et al., 1997) or an unnatural stereoisomer of dihydroceramide (Dragusin et al., 2003) . In contrast, phosphocholine esters are very common as endogenous lipids, e.g., in the form of sphingomyelins or phosphatidylcholines (lecithins). The latter are formed, among other pathways, by the coupling of diacylglycerol with cytidine diphosphate choline, an activated form of phosphocholine. In humans, this reaction is catalyzed by cholinephosphotransferase, found in the Golgi apparatus, as well as by choline/ ethanolaminephosphotransferase, found in both the endoplasmic reticulum and nuclear membranes (Henneberry et al., 2002) . It is conceivable that the same enzymes are involved in the conversion of everolimus to the metabolite ATG181. However, this was not investigated. Although the metabolism of endogenous compounds is normally catalyzed by enzymes with a relatively narrow substrate specificity, in contrast to enzymes typically involved in drug metabolism, occasionally xenobiotics are sufficiently similar to endogenous compounds to undergo the same pathways as their endogenous counterparts. One of the best known examples is the ␤-oxidation of xenobiotic carboxylic acids with long alkyl chains, resembling endogenous fatty acids. In the case of everolimus, however, hardly any structural similarity to 1,2-diacylglycerols or ceramides, the precursors of sphingomyelins, seems to exist, rendering the formation of ATG181 quite unexpected.
Pharmacological Activity Data. The macrolide rapamycin and rapamycin derivatives, like everolimus, are not immunosuppressive per se. To be active they need to form a complex with an abundant intracellular binding protein, FKBP-12; this complex in turn binds to and inhibits the actual target protein, mammalian target of rapamycin (reviewed, for example, in Abraham and Wiederrecht, 1996) . Therefore, binding to FKBP-12 is a necessary albeit not sufficient prerequisite for immunosuppressive activity of these macrolides (Dumont et al., 1990) . ATG181 was found to bind 2-to 3-fold stronger to FKBP-12 than everolimus, with IC 50 values of 2.0 Ϯ 0.7 and 5.3 Ϯ 1.2 nM, respectively (mean Ϯ S.D. of n ϭ 3). However, the ability of ATG181 to inhibit a T-cell immune response, as measured in vitro using the mouse MLR assay, was at least 100-fold lower than that of everolimus; for ATG181 an IC 50 value of 108 Ϯ 22 nM (mean Ϯ S.D. of n ϭ 6) was determined, whereas everolimus showed IC 50 values of 0.8 and 1.0 nM in two independent experiments where ATG181 and everolimus were tested side-by-side. The loss of activity of ATG181 may be because of its inability to efficiently permeate into cells as the compound is zwitterionic and very polar. Alternatively, the phosphocholine group, although not interfering with FKBP-12 binding, may prevent efficient binding of the ATG181/FKBP-12 complex to the mammalian target of rapamycin by steric hindrance or electronic repulsion as a result of the charged phosphate and/or ammonium groups. One of these effects, or the combination of both, could explain the very low immunosuppressive activity of ATG181. In any event, binding of a compound to FKBP-12 (a protein with peptidyl-prolyl isomerase activity) per se has apparently no biological consequences except for antagonizing the immunosuppressive activity of FK506, rapamycin, and everolimus; no other biological effects have been found so far for the known nonimmunosuppressive FKBP-12-binding molecules (Dumont et al., 1992; Fehr et al., 1996) .
In conclusion, although ATG181 is one of the major metabolites of everolimus in human blood, its low activity, compared with everolimus, makes it very unlikely that ATG181 contributes in a relevant manner to immunosuppression of patients treated with everolimus.
